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Biomedical  Cost  of  Low- 
in  a Hof  Environment 


•Level  Flight 


R.  R.  Bollinger  and  G.  R.  Carwell 

Environmental  Physiology  Branch  (VNE),  USAF  School  of 
Aerospace  Medicine,  Brooks  Air  Force  Base,  Texas  78235, 
and  Flight  Medicine  Office  (SGPF),  USAF  Regional  Hospital, 
Shaw  Air  Force  Base,  South  Carolina  29152 


Bollinger,  R.  R.,  and  G.  R.  Carwell.  Biomedical  cost  of 
low-level  jliglil  tn  a hot  environment.  Avit.  Space  Environ 
Med.  46(10);1221-1226, 

The  physiologic  and  per.  lancc  effects  of  low-Icvcl  recon- 
naissance flying  in  hot  environments  were  documented  and 
quantitated.  RF-4C  pilots  and  weapons  system  operators  were 
studied  in  hot  and  cool  seasons  during  both  high  and  lovr  mis- 
sions tc  distinguish  environmental  temperature  from  flight  level 
effects.  ECG,  sternal  and  thigh  skin  temperatures,  and  cockpit 
temperature  at  helmet  level  were  monitored  continuously.  Body 
weights,  oral  temperatures,  sweat  Na/K  ratios,  and  urine  elec- 
trolytes, steroids,  and  catecholamines,  as  well  as  .sleep  and  fa- 
tigue scores,  were  measured.  Mission  performance  was  assessed 
using  photo  target  acquisition  scores.  RF-4C  aircrews  are  exposed 
to  moderate  heat  stress  and  acute  dehydration  (1.2%  over  90 
min)  during  low-level  summer  flights  where  cockpit  temperature 
occasionally  exceeded  50*C.  Photo  target  .scores  indicated  that 
the  potential  for  crew  error  was  increased,  and  that  the  margin 
of  safety  was  accordingly  decreased,  during  such  hot  missions. 
The  RF-4C  cockpit  air  conditioning  system  proved  inadequate. 


LOW-LEVEL  reconnaissance  flying  in  hot  environ- 
ments exposes  flight  crews  to  multiple  stressors.  Con- 


The  current  address  of  R.  R.  Bollinger  is  Department  of  Sur- 
gery, B"’-''  llniversitv  Medical  Center.  Durham,  NC.  The  cur- 
rent address  of  G.  R.  Canvell  is  Department  of  Surgery,  Nor- 
folk General  Hospital,  Norfolk,  Va. 

This  research  was  conducted  jointly  by  personnel  in  the  En- 
vironmental Sciences  Division,  USAF  School  of  Aerospace  Medi- 
cine, and  the  Flight  Medicine  Office,  Shaw  Regional  Hospital 
The  voluntary  informed  consent  of  the  subjects  used  in  this 
research  was  obtained  in  accordance  with  AFR  80-33. 


sidcrabic  experimental  work  has  been  done  to  measure 
human  responses  to  elevated  temperature  and  dehydra- 
tion in  the  laboratory  under  controlled  conditions 
(6,10,12,16).  However,  little  similar  data  are  available 
on  aircrew  physiology  and,  especially,  performance  dur- 
ing comparable  operational  situations  in  high-perform- 
ance aircraft.  Thus,  the  application  of  laboratory  derived 
physiologic  principles  to  flight  operations  often  rests  on 
assumptions  or  empiric  practice.  Quantitative  assessment 
of  aircrew  physiology  in  adverse  operational  situations  is 
essential  to  relate  laboratory  findings  to  practical  ques- 
tions of  flying  safety  and  mission  performance. 

The  problems  of  inadequate  cockpit  air  conditioning, 
especially  elevated  temperature,  humidity,  and  canopy 
fogging,  were  reported  by  RF-4C  crewmen  and  con- 
firmed by  their  flight  surgeons.  Review  of  the  Category 
11  Climatic  Evaluations  of  the  RF-4C  Aircraft  (15)  re- 
vealed that  these  problems  were  detected  during  the 
initial  hot  weather  flights  in  Panama.  However,  the 
cockpit  conditions  had  been  studied  only  from  the 
avionics  and  sensor  engineering  viewpoint  and  their 
physiologic  significance  had  never  been  determined. 
Consequently,  Operation  Phantom  Flame  was  designed 
to  quantitate  the  physiologie  and  performance  effects  of 
hot,  iow-ievc!  fiigl'.i  in  the  RF-4C  and  to  relate  opera- 
tional data  to  existing  experimental  knowledge. 

MATERIALS  AND  METHODS 

Data  were  collected  from  crewmen  of  the  I6th  TRS, 
363  TRW,  Shaw  AFB,  SC,  during  regular  student  train- 
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ing  missions.  Volunteers  with  siP’iUir  prior  f'’ghl  experi- 
ence Iroin  two  consecutive  classes  were  used  at  identical 
phases  of  their  Ihght  training  when  the>  were  flying  the 
same  mission  profiles.  The  flyers  studied  in  August  1973 
formed  the  hot-season  group  shown  m 1 able  1.  while  the 
next  class,  m January  1974,  comprised  the  cool-weather 
group.  In  each  case,  information  was  obtained  during 
both  high-  and  low-level  reconnaissance  missions.  Simul- 
taneous control  data  were  collected  from  crewmen  per- 
lormmg  administrative  duties  on  the  ground.  Flights  were 
classified  as  low  level  if  they  had  30  mm  or  more  of 
high-speed  (420  knots),  low-altitude  (152  m AGL) 
flying  over  circuitous  courses  several  hundred  miles  long. 
High-level  missions  included  air-to-air  refueling,  area 
cover,  and  other  reconnaissance  missions  flown  at  alti- 
tudes greater  than  blO  m.  Multiple  simulated  military 
targets  (dams,  bridges,  etc. ) were  preselected  for  photog- 
raphy. The  courses  were  flown  with  pilotage  technii)ues 
so  that  relatively  minor  errors  m heading,  timing,  or 
crew  coordination  would  cause  a missed  target,  especial- 
ly at  the  lower  altitudes.  G forces  usually  ranged  from 
U to  +3  or  4 Gi  m the  turns.  No  aerobatics  or  defen- 
sive combat  maneuvers  were  performed. 

An  e.xperimental  station  was  set  up  m the  squadron 
personal  equipment  room.  Urine  samples  were  collected 
111  dilute  hydrochloric  acid  and  further  preserved  by  im- 
mediate freezing  at  -2()®C  They  were  shipped  to  the 
School  of  Aerospace  Medicine  where  they  were  analyzed 
for  ure<i  by  Auto-Analyzer,  sodium  and  potassium  by 
flame  photometer,  and  catecholamines  by  a fluorometric 
method  (19).  17-OH  corticosteriods  were  measured  by 
Endocrine  Laboratories,  Inc.,  Madison,  Wi.  All  urinary 
sariables  were  e.spressed  as  ratios  to  the  sample 
creatinine,  which  was  also  determined  by  Auto-Analyzer. 
Accirate  body  weiglus  were  obtained  before  and  after 
each  flight  using  a scale  sensitive  to  5 g and  accurate  to 
the  nearest  20  g.  Sweat  loss  was  calculated  by  subtract- 
ing the  weight  of  fluid  Kist  as  urine  from  the  total  change 
in  postvoiding  body  weight  occurring  during  the  mission. 
Sleep  histories  were  filled  out  before  each  flight  and 
questionnaires  probing  for  details  of  the  mission,  cockpit 
conditions,  and  crew  reaction  were  completed  after- 
wards. Subjective  fatigue  forms  were  filled  out  both  pre- 
and  post-flight.  Filter  paper  squares  with  impermeable 
backings  were  applied  to  two  sites  on  the  back  of  each 
crewman  to  absorb  sweat.  These  were  subsequently  dis- 
solved in  concentrated  HCi  and  the  resulting  solutions 
tested  by  flame  photometer  to  determine  the  Na/K  ratio 


TABLE  I.  PHANTOM  FLAME  SUBJECTS!. 


Group 

Ground 

Low 

High 

Season 

Season 

control 

level 

level 

totals 

HOT 
(Aug.  73) 

24 

26 

30 

80 

COOL 
(Jan.  74) 

23 

20 

46 

89 

Group 

Totals 

47 

46 

76 

169 

iSome  squadron 

personnel 

were  sampled 

more  than 

one  lime. 

in  different  groups  on  different  days. 


of  the  sweat.  Oral  temperatures  were  measured  pre-  and 
post-flight  using  a Yellow  Springs  Instruments  Telether- 
mometer. During  16  of  the  summer  and  17  of  the  winter 
Mights,  each  crewman  was  monitored  continuously  with 
sensors  for  electrocardiogram  (EGG)  and  cockpit  tem- 
perature at  helmet  level,  as  well  as  for  sternal  and  thigh 
skin  temperatures.  The  outputs  were  taped  on  a 4- 
ch.mncl  cassette-type  analog  recorder,  which  fit  into  the 
map  compartment  of  the  aircraft.  The  recorder  was  con- 
nected via  a breakaway  plug  to  a signal  conditioner  in  the 
crewman’s  G-suil  leg  pocket.  Simultaneous  data  were 
obtained  from  the  pilot  and  weapons  systems  operator 
(VVSO)  to  allow  comparison  of  conditions  in  the  front 
versus  the  rear  cockpits.  Ground  temperature  and  dew 
points  were  recorded  hourly  by  the  Shaw  AFB  weather 
station.  Cockpit  humidity  was  measured  on  selected 
flights  with  a hand-held  psychroineter.  Mission  perform- 
ance was  assessed  on  the  basis  of  aircrew  photo  target 
acquisition  scores  by  comparing  the  exposed  sensor 
films  with  preflight  target  maps.  Squadron  photo  inter- 
preters determined  the  number  of  targets  missed  during 
all  missions  flown  in  each  of  the  2-vvcck  study  periods 
whether  or  not  the  crews  were  being  monitored.  Misses 
due  to  pilot  error  were  distinguished  from  those  due  to 
bad  weather,  in-flight  emergencies,  mechanical  failures, 
or  other  factors  beyond  the  crew’s  control. 

RESULTS 

A representative  low-level  flight  temperature  profile 
for  a VVSO  is  shown  in  Fig.  1.  After  takeoff,  the  helmet- 
level  icmperaUirc  declined  as  the  aircraft  climbed  to 
altitude.  The  temperature  rose  to  more  than  48°C. 
( 1 18‘^F)  dining  the  low-level  portion  of  the  flight,  then 
fell  precipitously  as  the  crew  climbed  back  to  altitude, 
leveled  slightly  as  they  landed,  and  fell  again  as  they 
entered  an  air  conditioned  debriefing  area. 

The  cockpit  temperatures  measured  during  low-  and 
high  level  flights  were  much  higher  than  the  ambient 


THIGH 

J 
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I I 1 L_ I 

0 1/2  I H/2  2 2-1/2 

HOURS  INTO  FLIGHT 
Fig.  1.  Phantom  Flame  in-flight  recording. 
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ylXIHUII  COeXPir  TEWPERATtIRES  IK  ’C 

Fig  2 Phantom  Flame  cockpit  temperature  by  season 

icmpcralures  rite  cockpit  icinpcrtilurc  tiislnbiilions  by 
season  and  position  arc  shown  in  Fig  2 The  corres- 
ponding cnvironinental  teniperaliires  and  humidities  are 
sluiwn  in  Table  II.  The  in-Ihght  wet-  and  dry-bulb  tem- 
perature iiieasurcmcnts  revealed  relative  humidities  vary- 
ing from  near  0 to  80G  , depending  on  fligiit  level.  Before 
takeoff  and  at  152m  AGE.  cockpit  humidity  was  usually 
greater  than  that  of  the  surrounding  atmosiihere.  The 
high  humidity  and  problems  with  canopy  fogging  limited 
effectiveness  of  the  aircraft  air  condituimng  system  at 
just  the  time  when  tin-  high-speed  low  flight,  relatively 
high  ambient  temperature,  and  marked  heat  trapping 
“gieen  house"  effect  of  the  canopy  were  combining  to 
produce  uncomfortably  high  cockpit  temperatures.  Tcm- 
peratuies  greater  than  49°C  (12()“1')  weie  recorded 
on  three  occasions  and  the  maximum  measured  was 
51.7°C'  (125'-F).  The  seasonal  naluic  of  the  problem 
is  also  evident  fiom  Fig.  2.  The  air  conditioning  system 
will  provide  a suitable  environment  during  cool  seasons, 
but  not  during  hot,  humid  weather. 

imeiestiMgiy,  then,  hciwcep 

front  and  rear  seat  tempeiatures.  During  summer  flights, 
the  WSO  was  nearly  5.5“C  (lU'^F)  warmer  at  helmet 
level  than  the  pilot.  The  WSO  routinely  cxiienenced  tem- 


peiatuies  greatci  than  TS'-C  (1()()‘"F)  for  more  than 
1 h,  while  the  jiilot's  cockpit  was  waim'’'  . lan  32°C 
(yO''i  ).  Ill  the  wmtei.  the  WSO  was  cooler  than  the 
pilot  at  head  level.  Siciiial  skin  temperatures  were  nearly 
identical  m the  two  isositions.  but  thigh  skin  temperature 
was  coolei  m the  retir  seat  during  summer  flights.  Post- 
flight  oral  leni|)eratuies  showed  no  significant  seasonal 
vaiiatioiis.  However,  the  jiostflight  measurements  were 
made  m tlie  temjieiature-conlrolled  siiuadron  eijuipment 
room  about  0 5 h aftei  compleiion  of  each  mission  and 
thus  may  have  been  loo  late  to  delect  heal  stored  during 
hot  flights 

I he  electrocaidiogranis  weie  adet|uale  for  determining 
heart  late  and  '.he  occuiience  tif  gioss  airhylhmias.  None 
ol  the  lattei  were  obseived  on  lecoidmgs  from  eilliei 
season  Heart  rales  just  before  and  during  takeoff  were 
90-100  beats,  min  m the  winter.  Rates  of  1 H)  beats/ mm 
or  moie  were  geneially  obseived  at  the  coricsponding 
times  m the  suniinei.  After  takeoff,  heart  rate  could  not 
be  correlated  directly  with  cockpit  temperature  but, 
rather,  appealed  to  depend  nnne  upon  what  maneuveis 
or  events  were  taking  jilace  at  the  time.  However,  heart 
rales  gieatei  than  120  beats/ mm  occiiired  infiequcntly 
duimg  winter  flights,  whereas  they  weie  obseived  duiiiig 
portnms  of  nearly  all  stinmiei  flights  The  highest  Kites 
lectirded  were  150-100  beats/mm  duimg  a lun  weather 
mission. 

As  a first  siej)  m the  analysis  of  physiological  param- 
eters, ground  control  data  fiom  both  seasons  weie  com- 
paied  It)  detect  any  baseline  shifts.  Urine  volume,  po- 
tassium, sodium.  Na/K  ratio,  uiea,  and  17-01  ICS,  as 
well  as  fatigue  scores  .md  oral  temoei  at  me,  showed  no 
Significant  changes.  The  giotind  c\mtrol  epinephrine  was 
()5G  higlici  during  the  hot  period  (p<(U)25)  and  sweat 
loss  on  the  giouiid  was  nearly  300  g m the  summer  as 
com|)arcd  to  a negligible  cliangi-  m the  winter  (p< 
0.005 ).  Interestingly,  sleep  setnes  were  significantly  liigh- 
ci  (p<0.01)  for  the  summer  giound  control  group. 
Since  most  of  the.se  subjects  flew  the  day  before,  the  near- 
ly I-li  longei  sleep  notetl  altei  Hying  m hot  weather  c;m 
be  interpreted  as  an  incicase  m recovery  time  necessitated 
by  imirc  stressful  flying  circumstances.  In  addition  to  tins 
seasvinal  difference  m slecj)  scores,  there  was  a significant 
(p  = 0.025)  variation  by  antici|)ated  flight  Crews  that 
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flew  low-level  flights  got  less  sleep  the  night  before  their 
missions  than  did  those  who  were  scheduled  for  high- 
level  flights. 

Once  baseline  stability  was  known,  the  physiological 
data  from  both  seasons  could  be  compared.  Sweat  loss 
(Table  111),  e.xpressed  in  terms  of  percent  of  total  body 
weight  lost,  showed  a significant  season  by  level  by  posi- 
tion interaction  (p  = 0.027).  Both  pilots  and  WSOs  fly- 
ing low-level  flights  lost  much  more  fluid  as  sweat  during 
the  summer  period.  However,  when  high-level  flights 
are  compared  by  season,  the  backseat  crewman  again 
lost  significantly  more  fluid  in  the  summer  (p =0.004) 
while  the  front  seat  occupant  did  not.  When  time  of  day, 
season,  and  position  are  considered  (Table  IV)  an  en- 
vironmental effect  is  obvious  in  both  positions  (p= 
0.042).  The  seasonal  increase  in  sweat  loss  is  due  pri- 
marily to  hot,  afternoon  flights. 

Crewmen  flying  in  the  summer  and  experiencing  mark- 
edly increased  water  loss  from  sweating  showed  a signif- 
icant (p  = 0.009)  decrease  in  urine  volume  (Table  V). 
The  same  crewmen  excreted  less  urea  than  their  winter 
counterparts  (p  = 0.012).  The  Na/K  ratio  of  the  urine 
tended  to  show  increased  sodium  conservation  during 
hoi  '•’cather,  but  the  seasonal  difference  was  not  sta- 
tistically significant.  The  Na/K  ratio  of  the  sweat  also 
failed  to  show  any  significant  seasonal  vacation. 

Sodium  excretion  (Fig.  3)  showed  a significant  (p= 
0.005)  season  by  level  interaction.  Sodium  loss  was 
markedly  diminished  during  low-level  summer  flights 
when  compared  to  similar  flights  in  the  winter  (p= 
0.001).  In  contrast,  sodium  excretion  during  high-level 
flights  showed  no  such  seasonal  difference. 

Urinary  .pinephrine  showtd  a significant  season  by 
position  by  level  interaction  (p  = 0.028).  Epinephrine 
excretion  was  greatest  during  low-level  summer  flights 
and  least  during  high-level  winter  ones.  Low  flights  in 
the  winter  and  high  flights  during  the  summer  produced 
intermediate  levels.  As  in  the  case  of  sweat  loss,  WSOs 
flying  on  high-level  missions  showed  significantly  (p= 
0.035)  increased  epinephrine  excretion  in  the  summer 
relative  to  the  winter,  whereas  pilots  on  high-level  flights 
did  not.  The  environmental  basis  for  the  effect  is  again 
confirmed  by  the  position  by  level  by  time  interaction 
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Fig.  3.  Phantom  Flame  sodium  excretion  (season  * level  in- 
teraction: p-0.005). 


TABLE  III  PHANTOM  FLAME  PERCENT  SWEAF  LOSS  BY 
FLIGHT  LEVEL. 


PILOTS 

WSOs 

Season 

Low 

High 

Low 

High 

Hot 

1.128 

.818 

1.166 

1.048 

Cool 

.439 

.689 

.616 

.511 

p 

.002 

.469 

.012 

.004 

Season  • Level  • Position  Interaction;  p » .027 


TABLE  IV  PHANTOM  FLAME  PERCENT  SWEAT  LOSS  BY 
TIME  OF  DAY. 


PILOTS  WSOs 


Season 

AM 

PM 

AM 

PM 

Hot 

.872 

1.073 

.869 

1.346 

Cool 

.534 

.594 

.630 

.496 

p 

.090 

.013 

.228 

<.001 

Season  * Time  • 

Position  Interaction;  p 

= 0.042 

TABLE  V.  PHANTOM  FLAME  SEASONAL  VARIATIONS  IN 
URINARY  EXCRETION  PATTERN. 


Mean 

Vol.  (cc) 

Ureal 

Na/K 

Season 

Hot 

85.2 

987 

2.72 

Cool 

141.1 

1198 

3.37 

P 

.009 

.012 

.122 

img/100  mg  creatinine. 

TABLE 

VI.  PHANTOM 

FLAME 

VARIATIONS 

IN  17-OHCS 

EXCRETlONi  BY  SEASON,  LEVEL  AND  POSITION. 

Season 

Pilot  Low  WSO  Low 

Pilot  High 

WSO  High 

Hot 

413.4 

384.4 

403.2 

380.7 

Cool 

295.2 

353.9 

306,4 

294.5 

P 

.034 

.616 

.020 

.027 

■ In  ^g/100  mg  creatinine. 

(p  = 0.029).  The  difference  between  pilots  and  WSOs 
on  high-level  flights  is  significant  only  in  the  afternoon 
(p=0.020). 

Steroid  excretion  was  higher  in  August  than  in  January 
for  both  pilots  and  WSOs  (Table  VI).  The  differences 
were  statistically  significant  in  three  of  the  four  groups 
when  the  comparisons  included  the  appropriate  ground 
control  data.  In  the  fourth,  weapons  systems  operators 
flying  at  low  level,  the  unusually  large  winter  value  is 
due  to  inexplicable  large  morning  steroid  values  from  a 
small  number  of  subjects.  WSOs  flying  similar  missions 
in  the  afternoon  showed  changes  paralleling  the  other 
three  groups.  Interestingly,  the  seasonal  variation  in 
steroid  excretion  showed  a significant  interaction  with 
aircrew  age.  The  older  crewmen  showed  higher  summer 
values  and  low  winter  values  than  their  younger  cohorts. 
Flight  level  did  not  affect  17-OHCS  excretion. 

h!!  conditions  of  flying,  subjective 
highly  significantly  (p<0.003)  increased  over  ground 
control  values.  This  increase  in  fatigue  tended  to  be  great- 
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lAliLh  Vll 

PHANTOM  H.AMb  PHOTO  TARGET 

ACQUISI 

TION 

SCORES 

So.iM>n 

Result 

.Missions 

I aigets 

Slimmer 

Successful 

75  (75  8) 

337  (91  8) 

Unsuccessful! 

.!4  (24  2) 

30  ( 8 2) 

Total 

9S  (100) 

367  (100) 

VV  micr 

Successful 

76  (90  5) 

245  (95  7) 

Unsuccessful! 

8 ( 95) 

It  ( 43) 

Total 

84  (100) 

256  (100) 

'Due  lo  crew  error  IVrcentagcs  are  shown  in  parentheses 


cr  m the  summer  than  the  winter.  However,  variations 
m fatigue  by  season,  tlight  level,  and  crew  position  were 
not  statistically  significant 

I he  proportion  of  successful  missions  and  the  propor- 
tion of  successful  targets  for  the  two  seasons  arc  com- 
pared in  Table  VII,  The  vast  majority  (>90G  ) of 
targets  was  photographed  in  both  seasons.  However, 
nearly  twice  the  percentage  of  targets  was  missed  in  the 
summer  (8.2%  ) as  in  the  winter  (4.3%  ).  Moreover,  the 
misses  due  to  pilot  error  were  not  isolated  m one  or  two 
extremely  poor  missions  but,  rather,  were  spread  over 
24%  of  the  summer  and  10%  of  the  winter  flights.  The 
proportion  of  targets  successfully  acquired  in  the  winter 
approached  being  statistically  significantly  higher  (p  = 
0.070)  than  m the  summer  period.  More  definitely,  re- 
connaissance crews  were  significantly  (p  = 0.011)  more 
likely  to  have  a completely  successful  mission  in  the  win- 
ter time. 

DISCUSSION 

I he  Phantom  Flame  results  indicate  that  RF-4C  air- 
crews are  exposed  to  modciate  heat  stress  and  dehydra- 
tion during  low-level  flights  in  a hot  environment.  'Ihe 
1.2%  acute  dehydration  experienced  by  the  men  over 
90  min  has  been  shown  to  cause  a 15-18%  decrease  in 
-fGi  tolerance  (0  5-1.0  G)  in  similar  subjects  during 
centrifuge  testing  (17).  Blackouts  occurred  at  3.8  to  4.3 
Gi  in  1%  dehydrated  subjects  without  G suits.  No 
blackouts  were  reported  by  the  aircrews  during  Operation 
Phantom  Flame.  However,  all  subjects  were  wearing  G 
suits  a’''l  were  exposed  to  3-4  -t-Gz  for  relatively  short 
periods  of  time.  Under  more  stressful  maneuvering  in 
emergency  or  combat  situations,  the  decreased  G toler- 
ance in  dehydrated  individuals  would  be  significant. 

The  Na/K  ratios  of  sweat  and  urine  were  determined 
for  both  the  summer  and  winter  groups  as  an  index  of 
temperature  acclimation.  A reduction  in  the  concentra- 
tion of  sodium  in  these  fluids  often  accompanies  heat 
adaptation  (11).  However,  finding  no  statistically  signif- 
icant differences  is  not  surprising  Since  the  Phantom 
Flame  pilots  spent  only  a small  part  of  each  day  in  the 
hot  environment  and  the  balance  of  their  time  in  air 
conditioned  facilities,  iheir  acclimation  would  only  be 
partial.  Moreover,  if  the  subjects  maintained  a high  salt 
intake,  they  might  not  have  shown  a change  in  the  sodium 
content  oi  ineir  swem  cw.i  if  ..wre  :;c«i  ..Japh'd 
to  some  extent  (11). 

The  cockpit  temperatures  (90-125°F)  and  humidi- 
ties ( 50%:  -t- ) experienced  by  RF-4C  crewmen  flying 


summer  Unv-level  flights  constitute  an  environment  far 
outside  of  the  ASHRAE  thermal  comfort  envelope  (14). 
When  such  cockpit  measurements  are  substituted  into 
the  Rohles-Nevins  equation  for  predicting  thermal  sen- 
sation. they  yield  a \alue  in  the  highest  (hot)  category. 
Although  the  aircrews’  clothing  insulation  values  and 
activity  levels  may  not  be  identical  to  those  used  in  de- 
termining the  comfort  envelopes,  the  flyers’  subjective 
impressions  confirm  the  mathematical  predictions.  In 
many  cases,  the  cockpit  temperatures  were  higher  than 
body  temperature  so  that  ladiation.  conduction,  and 
convection  added  to  tlie  body  heat  load  rather  than  serv- 
ing as  a means  of  heat  removal.  Under  these  circum- 
stances, sweating  was  the  only  major  mechanism  avail- 
able tor  heat  elimination.  IL^ever,  m the  face  of  high 
humidity,  evaporative  heat  loss  is  inefficient  Sweat  soak- 
ing the  flight  suit  and  rolling  off  the  skin,  but  providing 
little  effective  cooling,  accounted  for  much  of  the  water 
lost  when,  for  example,  one  crewman  lost  4 8 lbs  during 
a 90-min  flight.  The  discomfort,  inconvenience,  and  dis- 
traction caused  by  massive  sweating  may  have  been 
partly  responsible  for  the  observed  performance  decre- 
ment. However,  heat  by  itself  has  demonstrable  per- 
formance effects. 

Seveial  authors  have  recently  reviewed  the  literature 
on  performance  at  elevated  tempei attires  (4,8.20).  The 
levels  of  heat  stress  experienced  by  the  Phantom  Flame 
crews  have  been  shown  to  deciease  visual  monitoring 
accuracy  and  trac'^’i'.g  abihty  undei  experimental  condi- 
tions. These  performance  decrements  are  most  apparent 
in  complex  tasks,  such  as  instrument  flying  Early  flight 
simulation  studies  showed  increasing  performance  errors 
as  the  temperatures  and  durations  of  exposure  ap- 
proached the  limits  of  physiological  tolerance  (1).  More 
recent  simulation  studies  have  demonstrated  marked  de- 
creases in  pilot  performance  when  the  temperature  ex- 
ceeds 43.3°C  or  110°F  (7).  U-S.  Army  investiga- 
tions of  helicopter  pilots  revealed  performance  decre- 
ments and  increased  variability  at  cockpit  tenipci  itures 
above  43.3"C  (13).  However,  other  experiments  us- 
ing complex  |icrforniance  devices,  nionitoimg,  tracking, 
or  aiithnietic  tasks  have  failed  to  demonstrate  peiform- 
ance  decrements  at  elevated  temperatures  (3,5.18).  Con- 
sequently, It  was  not  possible  to  predict  from  laboratoiy 
e.vperience  whethei  the  petformance  of  RF-4(’  aiicrevvs 
would  be  affected  by  the  stress  of  hot,  low-level  lecon- 
naissance  flights.  The  riiantom  Flame  jihoto  target  ac- 
quisition scores  indicate  that  the  ixrteiitial  foi  crew  error 
IS  increased  and  that  the  margin  of  safety  o,  accordingly, 
decreased  during  such  hot  missums.  These  data  lend 
operational  support  to  the  concept  of  increasing  per- 
formance decrements  in  tracking,  cognitive,  and  other 
skilled  tasks  at  environmental  temperatures  createi  than 
29.4°C  (4). 

The  temperature  differences  between  the  pilot  and 
WSO  cockpits  are  due,  at  least  in  part,  to  peculiarities 
of  the  RF-4C  air  conditioning  system.  Whereas  the  pilot 
rs'cpivps  r<vq  air  over  his  head  and  shoulders,  the  rear 
seat  ducts  open  at  the  level  of  the  WSO’s  knees.  The 
back  scat,  consequently,  has  much  poorer  temperature 
control  at  head  level  than  d les  the  front  seat.  Since  head 


Avuition,  Space,  and  Environmental  Medicine  • October,  1975  1 225 


INFLIGHT  HI- AT  STRliSS  -BOLLINGFR  * CARWELL 


U'mpciaUirc  i->  a critical  clcicMininaiU  of  general  thermal 
comlort,  this  clilierence  ma\  be  rellecied  in  the  higher 
incidence  of  nausea  ubsersed  <iniong  VVSOs  during  hot 
summer  lliglits  relative  to  cooler  winter  ones.  Other 
plivsiological  dilteiences  detected  between  tile  two  posi- 
tions niav  also  be  related  to  the  diffeimg  cockpit  en- 
vironments. 

Mils  studv  was  conducted  during  hot  and  cool  seasons 
with  a ditleieiice  m mean  temjieititure  o^^jj^hout  1()"C 
so  that  environmental  temperature  effects  could  be  dis- 
tinguisiic'd  from  llight-level  ellects  in  a multistiess  situ- 
ation. Howc>er,  meteorokigical  data  alone  are  inade- 
quate tor  predicting  thermal  conditions  in  the  cockpit 
(9).  The  mavmium  ground  temperature  obseived  during 
the  summer  studv  period  was  .M'C',  which  is  many 
degrees  lower  th  the  ground  tempeiatuies  that  aircrews 
must  sometimes  cope  wiih  elsewheie  m the  woild.  In 
contrast,  cockpit  temperatures  occasional! v e.xcecded 
5U'C.  Relative  bun  'ditv  was  also  higher  m the  cockpit 
than  the  surroundi;..'  air.  1 lie  physiological  and  per- 
formance changes  indicate  that  an  unacceptable  cockpit 
ein.ronment  developed  dcsjute  air  and  surface  weather 
conditions  that  were  not  estreme. 

Operation  Phantom  Manic  documented  and  quantitat- 
ed the  biomedical  cost  ol  lovv-level  flight  in  a hot  en- 
vironment '1  he  R1-4C  cockpit  air  conditioning  system 
proved  inadequate  under  the  high  temperature  and  hu- 
midity conditions  of  the  sUkiy  I he  degree  of  physiologi- 
cal change  observed  m the  aircrews  has  res  ilted  ai 
dimmislied  G-tolerance  and  decieased  accuracy  in  ciitical 
tasks  under  laboiatory  conditions  Most  significantly,  this 
study  liemoiistrated  an  assocnited  decrement  in  mission 
performance  m an  oper.itional  situation, 

.Special  attention  must  be  given  to  cockpit  air  con- 
ditioning when  designing  high-performance  aircraft  for 
low-level  flight.  The  cuirent  RF-4G  system  is  inadequate 
and  sluHild  be  revisevl.  For  example,  ducting  to  provide 
head-level  cooling  to  the  WSO  would  markedly  improve 
his  situation  Most  Mights  studied  were  in  aircraft  manu- 
factuied  [iiioi  to  1972  Later  model  Rl‘-4Cs  have  a 
water  '•ep,nator.  Inch  was  designed  to  svilvc  the  cockpit 
humidity  and  .anopy  fogging  problems.  Only  a few 
flights  111  these  aiicraft  were  available  for  study  and  no 
significant  improvement  in  cocki'it  conditions  was  noted 
However,  no  ducting  changes  htive  been  made.  I'ntil 
revisions  are  possible,  crew  education  and  proper  mis- 
sion design  will  ameliorate  the  problems.  Low-level  tiain- 
mg  flights  during  hot  weathei  sliould  be  limited  m Jura- 
tion and  preferably  scheduled  for  the  coolest  times  of 
day  I he  importance  of  rehydration  and  adequate  rest 
following  hot,  low  flights  must  be  emphasized  to  air- 
crews l-mariv,  when  operatiomil  reviuirements  dictate 
that  long,  low,  hot  missions  be  flown,  commanders  should 
be  tivvare  of  the  possibility  of  decreased  mission 
success  and  mcieascd  hazard  to  flying  safety  that  such 
flights  entail. 
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